Abstract
Introduction
Reliability allocation is an important part of reliability designing. According to some certain methods, the reliability index achieved in system design phase is allocated to subsystems and units. The purpose of reliability allocation is that designers and workers can know the requirements of reliability. Requirements of manpower, resources and time can be estimated by the requests and whether they can be achieved.
The traditional reliability allocation methods include average distribution method, combined ratio method and considered important degree distribution method and so on. However the traditional methods don't consider the factors influencing reliability allocation so that they can't be adapted to the reliability allocation methods of complicated product like computerized numerical control machine (CNC). A comprehensive reliability allocation method that considered seven criteria for conducting reliability allocation of CNC lathes can be found in [1] . Reliability allocation method for complex system using AHP was presented in [2] and a number of factors affecting reliability allocation were considered by using AHP. Fuzzy method for reliability allocation of the machine system, which considered factors influencing reliability allocation, was proposed in [3] . However, there is lack of hierarchical consideration and accuracy of calculation.
Although some proposed methods at present, which consider synthetically influencing factors of reliability allocation for complicated products like CNC machine, there is either the lack of accuracy or no considerations of the fuzzification. Combining the practical data with expertise of experts and considering the fuzzification of influencing factors of reliability allocation for CNC machine, this paper proposes a reliability allocation method for CNC machine, which is based on improved fuzzy analytic hierarchy process (AHP). Based on the analysis of factors influencing reliability allocation for CNC machine, we can list seven criteria for reliability allocation.
Criteria for reliability allocation
Lots of basic reliability indexes are used such as failure rate, availability, and mean time between failures during the reliability allocation. In this paper, the performance of CNC machine is represented by the failure rate λ. The failure rate is defined to be the probability of the failure per unit of time of devices or systems in operation. λ s * which represents a prescribed failure rate of the CNC machine is allocated to the subsystems when the system failure rate does not exceed the specified value.
Assuming that the CNC machine has n subsystems, all of these subsystems have to work properly for CNC machine. λ i is failure rate of the i th subsystem. Then, the failure rate of system λ s can be expressed as an equation of the failure rates of subsystems:
When allocating reliability, we should make sure that λ s is less than or equal to λ s * . As there are many factors, such as complexity, maintainability and cost that need to be considered, we should summarize the criteria that were used in CNC machine reliability allocation. There are some criteria that are used in practical CNC machine reliability allocation [1] . a. Frequency of failure. The subsystem with a low frequency of failure proves more reliably. In the designing, it's natural to allocate a high reliability to the subsystem. We often improve the reliability of the system by improving the reliabilities of the subsystems.
b. Criticality of failure. The criticality of failure of a subsystem mainly represents the impact on the machine, the surrounding and the operator. If the failure of a subsystem may make the operator injure or/and the machine damage seriously, we think that the criticality of the failure of the subsystem is high. Therefore, the subsystem with a high criticality of failure should be allocated a high reliability.
c. Maintainability. Maintainability is an inherent ability of CNC machine which should be restored when the specified maintenance task performs as required. The mean repair cost and the mean machine down time are considered as the main factors when it failed in this paper. The longer or higher the down time or cost, the worse the maintainability of the subsystem is. It is natural that the subsystem with low maintainability should be allocated a high reliability.
d. Complexity. The complexity of a subsystem is showed as the ratio between the number of essential parts of the subsystem and the number of such essential parts of the whole system. A subsystem with higher complexity fails more frequently and it is difficult to improve its reliability. Therefore, the subsystem with a low complexity should be allocated a high reliability.
e. Manufacturing technology. Manufacturing technology is a fuzzy factor. The reliability index specified by designer for a subsystem is assured through manufacturing process. It's easy to know that a subsystem with advanced manufacturing technology is relatively easy to assure a high reliability, and should be allocated a high reliability.
f. Working condition. The working condition, including the temperature, vibration, corrosion, moisture and so on, has different effects on reliability. A high reliability should be allocated to a subsystem in good conditions. g. Cost. We need to seek a balance between the reliability and the cost of each subsystem which includes designing, development, operation, manufacture, maintenance, etc. The subsystem that costs less to improve its reliability should be allocated a high reliability.
The reliability allocation method based on improved fuzzy AHP
In the reliability allocation process, the first task is to make a hierarchical structure model of fuzzy AHP based on the considered influence factors. Based on the model, the reliability proportion assigned to the subsystem will be determined. Here, an improved fuzzy analytic hierarchy process (AHP) is presented to allocate the reliability goal for subsystems.
The hierarchical structure model of fuzzy AHP for reliability allocation
The fuzzy AHP model of reliability allocation for CNC machine is established in Figure 1 . The reliability index of the system specified by the designers is showed in the destination layer. The criteria for reliability allocation are depicted in the criteria layer, and the program layer is the bottom layer.
The improved fuzzy analytic hierarchy process (AHP)
Reliability Allocation for CNC Machine Based on Improved Fuzzy Analytic Hierarchy Process Shilong Wang, Shilong Li, Jie Zhou, Qiang Li, Ling Kang Definition 1: assume the matrix A=(a ij ) n × n . If there is: 0≤a ij ≤1,(i=1,2,…,n;j=1,2,…,n), the matrix A is defined as fuzzy matrix.
The fuzzy analytic hierarchy process (AHP) has some basic steps that include the problem definition, establishing hierarchical analytic structure model, structuring judgment matrix, weighting vectors of each layer and consistency check, and weighting vector of combination and consistency check.
Fuzzy complementary judgment matrix
Definition 2: If the fuzzy matrix A=(a ij ) n×n satisfies: a ij +a ji =1, (i=1,2,…,n;j=1,2,…,n), the fuzzy matrix A is a fuzzy complementary judgment matrix which has the following properties: (4) Generally, use the number scale 0.1~0.9(see Table 1 ) to construct the fuzzy complementary matrix. 
The weighting formulas of fuzzy complementary judgment matrix
Assume that the fuzzy complementary judgment matrix is A=(a ij ) n × n , and use the following formula to calculate the sum of each row of the matrix A.
Then use the following conversion formula to attain the fuzzy consistency judgment matrix R=(r ij ) n×n .
Normalize the sum of each row of the matrix R to get the weighting vector: 
If the demand isn't satisfied, then use the formula V K =V K+1 as the new starting value to iterate again. As a result, the final weighting vector W=W (K) can be gotten. For practical problems, generally, there are several experts(assume k, k=1,2,…,m) to give the fuzzy complementary judgment matrix A k =(a ij (k) ) n×n ,(k=1,2,…,m) of the same criterion. Then, the weighting
) , (k=1,2,…m), can be obtained by above the mentioned formulas. At last, average the judgment of each expert to obtain the weighting vector. 1 2 ( , ,..., )
Finally, calculate the weights of the criteria of each layer separately. Then, integrating the weight of each layer can obtain the weight vector B=(b 1 ,b 2 ,…b n ) T . The vector B is called the comprehensive failure rate allocation vector for all subsystems.
The improved fuzzy analytic hierarchy process (AHP) is in the form of simplicity, in line with people's logic, no possibility of inaccurate measurement. There is no necessary further consistency test because of the fuzzy consistent matrix which converts from the fuzzy complementary judgment matrix satisfies the requirement of the consistency. The rate of convergence is fast and meanwhile, the calculation accuracy requirement can be assured.
Reliability index allocation for CNC machine
The comprehensive failure rate allocation vector B indicates that the allocated failure rate of each subsystem should be proportional to the vector B after all allocation criteria have been considered. That is: 
Generally, the system reliability model for the CNC machine is the series model with n subsystems, so we have: Where  s  is the rate target of failure of CNC machine specified by the designer.
Application of reliability allocation model
In this section, take the hydraulic system of the CNC gear hobbing machine as an example to explain the reliability allocation method proposed above. The hydraulic system includes hydraulic pressure station, hydraulic circuit and actuated valve. To ensure the reliability of the hydraulic system, it is important to allocate reliability to the subsystems reasonably.
The establishment of the hierarchical structure model for reliability allocation
According to the previous analysis of the criteria affecting reliability allocation and the subsystems of the hydraulic system of the CNC gear hobbing machine, hierarchical structure model for reliability allocation of the hydraulic system can be established in Figure. 
The complementary judgment matrixes construction and reliability allocation weighting vector calculation
For the seven criteria affecting reliability allocation for CNC gear hobbing machine, assume that two (or more) experts who use the number scale in Table 1 give the following fuzzy complementary judgment matrixes in the criteria layer. Fuzzy complementary judgment matrix A 1 given by the first expert is that: Fuzzy complementary judgment matrixes that three subsystems are relative to frequency of failure, criticality of failure, maintainability, complexity, manufacturing technology, working condition and cost can be gotten by the experts marking according to the Table 1 
